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Abstract 
A method for the customisation of a generic 3D model of the distal femur is presented. 
The customisation method involves two steps: acquisition of calibrated orthogonal 
planar radiographs; and linear scaling of the generic model based on the width of a 
subject’s femoral condyles as measured on the planar radiographs. 
Planar radiographs of 7 intact lower cadaver limbs were obtained. The 
customised generic models were validated by comparing their surface geometry with 
that of CT-reconstructed reference models. The overall mean error was 1.2 mm. The 
results demonstrate that uniform scaling as a first step in the customisation process 
produced a base model of accuracy comparable to other models reported in the 
literature. 
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1 Introduction 
Computer-assisted knee surgery [1],[2], kinematic studies [3],[4] and personalised finite 
element models [5],[6] require a three dimensional (3D) model of the geometry of the 
distal femur. Such models are normally reconstructed from CT images of the 
patient’s/subject’s bones. In an effort to reduce the amount of patient radiation exposure 
due to CT scanning, reconstruction techniques have been proposed that aim at utilising 
diagnostically acquired planar radiographs in order to generate 3D reconstructions of 
the bones [7] - [10]. These reconstruction techniques require three components:  
• a calibration rig for the acquisition of the planar radiographs; 
• a generic 3D model of the bone’s geometry; 
• a method to customise the generic model by integrating information from the planar 
radiographs. 
In the above studies complex techniques have been applied during customisation of 
the generic 3D model. However, the accuracy that can be achieved through a simple 
method such as scaling, as a first basic step in the customisation process, has not been 
evaluated in any of these studies, or reported in the literature. Therefore, this study 
aimed to evaluate the accuracy that can be achieved through uniform scaling of the 
generic model based on radiographic measurements of a subject’s femur. 
 
2 Materials and Methods 
2.1 Acquisition of planar radiographs 
After ethics approval, planar X-ray images (AP & lateral) of the knee were obtained 
from seven embalmed human cadaver legs, made available by the Department of 
Anatomy & Histology of the School of Medicine, Flinders University, South Australia. 
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The average age of the specimens was 80 years (range 72 - 89). Only right knees were 
available from five male and two female donors. Each specimen was imaged in a supine 
position in the X-ray calibration rig [11],[12]. The X-ray source was set at a distance of 
115 cm away from the cassette. The X-ray exposure values that were used ranged from 
57 to 60 kVp and from 12 to 25 mAs, respectively.  
The X-ray films were digitised on a charged-coupled device (CCD) based 
flatbed scanner (HP ScanJet 4c; Hewlett-Packard, Palo Alto, CA) with a transparency 
adapter (ScanJet 6100C/T; Hewlett-Packard, Palo Alto, CA). The resolution was set to 
300 by 300 dpi and the images were saved as 8-bit TIFF-files.  
 
2.2 Measurement used for customisation 
The maximal condylar width (CW) was chosen as the measurement to be used for the 
scaling of the generic models. This measurement was chosen because the structures 
used during measurement were easier to identify on radiographs than landmarks used to 
measure the depth of the condyles. On most radiographs the anterior contour of the 
condyles could not be identified due to overlap by the patella. On the AP radiographs 
the maximal width of the condyles was measured as indicated in Figure 1. The 
measurements were repeated 3 times by the same operator and the average value was 
used for tabulation of the results.  
 
2.3 Scaling of the generic 3D model 
The generic 3D model [13] developed from the averaged contours of six femora was 
interactively rotated until the alignment of the posterior aspects of the condyles was 
identical (visually judged) to the one on the corresponding lateral radiograph. Once 
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aligned, the width of the condyles was measured. The alignment process and the 
measurement of the condylar width of the 3D model were repeated three times and the 
average value was used for the subsequent scaling. The generic model was then scaled 
uniformly according to the scaling factor (S): 
 
ModelGeneric
RayX
CW
CW
S = .       (1) 
 
2.4 Simulation study on the positioning of the knee during X-ray imaging 
The ideal radiographic position of the knee to obtain a lateral projection assumes that 
the posterior aspects of the condyles are superimposed. However, in clinical imaging, as 
well as for this study, this is not always the case. For this reason, a simulation study was 
conducted to determine the effect (if any) which the alignment of the condyles has on 
the measurement of the condylar width and in turn on the error between the customised 
and the reference 3D models. A randomly selected CT reconstructed 3D model was 
aligned such that its condyles appeared superimposed in the lateral view (position of 0° 
rotation). Then the condylar width was measured and used to scale the generic model 
such that the differences between the customised and the reference model could be 
determined. The same 3D model was then rotated around the diaphysial axis by ± 5° 
(worst case misalignment estimated from obtained radiographs) and the measurement of 
the condylar width, the scaling and subsequent error calculations were repeated for each 
case.  
 
2.5 Validation of the customised 3D model 
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The surface geometry of the customised models was compared to CT reconstructed 
reference models that were generated in a previous study [13]. Prior to quantifying the 
difference between two models they were optimally aligned by employing a 
minimisation algorithm. The disparity between a customised model and the 
corresponding reference model was quantified by means of an average error metric 
which was based on calculating the Euclidean distances from points on the surface of 
one model to their nearest neighbours on the other model [13]. Error values were 
obtained for the entire surface of the 3D models as well as for the articular surface area 
only (Figure 2).  
In the former case, the models were clipped at their condylar width above the 
origin, in the latter case the customised models were computer graphically reduced to 
that area [12]. For each model pair the minimum, maximum, mean and root mean 
squared (RMS) errors were calculated. In addition, the same errors were also calculated 
for the whole data set to obtain global error values.  
The customisation and validation of the generic models was performed on a PC 
(Pentium 4, 2.4 GHz, 512 MB RAM) using customised graphical user interfaces 
developed in IDL 5.5 (Research Systems Inc, Boulder, USA). 
 
 
3 Results 
3.1 Simulation study on the positioning of the knee during X-ray imaging 
The results of the simulation study aimed at investigating the effects of the alignment of 
the femoral condyles during imaging on the customised model are summarised in Table 
1.  
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3.2 Validation of customised 3D models 
Error values between customised and reference models of the distal femur are provided 
for the entire surface (Table 2) and for the articular surface area of the models (Table 3), 
respectively. 
A visual inspection of the aligned 3D models has shown that in no two cases 
were the local morphological differences between a customised and a reference model 
the same. Only for one of the long versions of the models (model #7) did the maximum 
error occur within the articular surface area whereas for the other six models it occurred 
at the margin or outside the articular surface. When the models were resected to the 
articular surface area only two models (#1 & #7) had the maximum error on the 
articulating surface. The other five models had the maximum error at the margin of the 
articular surface. This indicates that for most of the models the condylar contours of the 
customised model represented the ones of the reference model reasonably well (within 
limits of the obtained average errors).  
 
4 Discussion 
4.1 Simulation study on the positioning of the knee during X-ray imaging 
Rotating the 3D model by ± 5° around the diaphysial axis changed the condylar width 
measurement by - 0.64 mm and 0.97 mm respectively, compared to the case when the 
condyles were aligned according to the lateral radiograph (Table 1). These results 
clearly demonstrate that the condylar alignment as seen in the lateral view did affect the 
measurement of the condylar width on the corresponding 3D model. However, the 
extent was reduced significantly when the 3D model was aligned according to its 
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position on the lateral radiograph, as for this position the lowest difference (- 0.18 mm) 
between the radiographic and the 3D model condylar width measurements was 
obtained. As it is the most medial and lateral points on the condyles that are projected 
onto the X-ray film, it is expected that the alignment of the condyles would have an 
effect on the radiographic condylar width measurements similar to the results of this 
simulation study.   
Variation in the condylar width measurements did not significantly impact on 
the average error values of the customised model. An error in the condylar width 
measurement of 0.97 mm changed the average error only by 0.05 mm whereas a lower 
error of - 0.64 mm generated a higher difference of - 0.09 mm. These results also show 
that differences in condylar width measurements did not proportionally translate to 
changes in average error values. The likely reason for this is that none of the customised 
models was uniformly larger/smaller than the corresponding reference model. Thus, 
while error values for some regions of the model increased (as a result of different 
condylar width measurements) they decreased in other regions (and vice versa) which to 
some extent cancelled the effect of the former on the summation of errors.  
As demonstrated by this simulation study the error between radiographic and 3D 
model condylar width measurements can be significantly reduced if the condyles of the 
3D model are aligned according to their position on the lateral radiograph. For the 
purpose of determining the scaling factor, the condyles of the generic model were 
aligned according to their position on the relevant lateral radiograph. Based on this and 
the results of this simulation study, it is considered unlikely that any errors that might 
arise from mal-alignment of the condyles would have any significant impact on the 
accuracy of the customised model. 
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4.2 Validation of customised 3D models 
The global maximum, mean and rms errors between the customised and reference 3D 
models (Table 2) were 5.41 mm, 1.23 mm and 1.47 mm respectively. These values are 
comparable with the corresponding values (max, mean, rms) of 5.0 mm, 1.0 mm and 1.4 
mm reported by Laporte et al. [10]. These values demonstrate that through simple 
scaling of a generic model a similar global accuracy of the customised 3D model can be 
achieved when comparison is made to the more complex method developed by Laporte. 
The most likely explanation for this is that the generic models used in the two studies 
were generated differently. In this study, the generic models were generated from 
averaging the contours of six femora whereas Laporte and colleagues based their 
generic model on the reconstruction of a single femur. Thus, it is reasonable to expect 
that the generic model developed in this study will be a better representation of a 
randomly selected femur compared to a generic model based on a single femur. 
The global mean and rms error values (1.21 mm, 1.44 mm) for the articular 
surface area of the models (Table 3) were only marginally lower than those (1.23 mm, 
1.47 mm) for the whole models. The error values for the articular surface area of the 
individual models did not change significantly (except for model #1) from those of the 
whole models. This indicates that the accuracy of a customised model was nearly 
uniform for the whole of its surface.  
The global error values (max, mean, rms) of 5.81 mm, 1.21 mm and 1.44 mm 
(Table 3) are higher than those (4.2 mm, 0.9 mm, 1.1 mm) obtained by Laporte et al. 
[10] (even when taking into account that the articular surface areas might have been 
defined differently for the two studies). Only two of the seven models (2 & 6) generated 
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error values that are comparable to the results of Laporte et al. [10] with the rest being 
higher. This shows that even though the customisation method proposed in this study 
generated results that are comparable to Laporte’s method for the long (whole) femur 
models, accuracy of reconstruction of the articular surface area is inferior. A more 
accurate result of the latter method for the reconstruction of the articular surface area 
could be expected since Laporte and colleagues customised their generic model through 
the fitting of contours extracted from radiographs as opposed to simple scaling.  
Compared to other studies involving CT image 3D reconstructions, the current 
accuracy of the customised models is comparable to the mean error of 1 mm reported in 
the literature [8],[14]. 
 
4.3 Modification of the customisation method 
The maximum condylar width was used as the scaling parameter for the generic model 
due to the ease of locating its measuring positions on both radiographs and 3D models. 
While this parameter was adequate for the majority of the models, one model (#7) was 
scaled larger than the reference model due to differences in identifying the 
corresponding measurement positions on the radiograph and on the generic model. This 
indicates the necessity of more than one scaling parameter in order to provide an 
averaging effect of the errors introduced by one or more of the parameters. The use of 
more than one scaling parameter might also call for a non-uniform scaling of the generic 
model.  
As the majority of the maximum errors occurred at the margins of the articular 
surface, rather than on the diaphysis, this also demonstrates the need for a more specific 
customisation of the generic model for that particular area. Especially, as it is the 
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geometry of the articular surface that significantly contributes to the movement pattern 
of the joint [15]-[17].  
 
5 Conclusion 
The 3D reconstruction method that has been presented in this study involves the 
uniform scaling of a generic model based on the radiographic measurement of a 
subject’s condylar width. In this way, the proposed customisation method is much 
simpler compared to those of previous studies [7] - [10]. The calibration rig that has 
been used for this work was specifically developed to permit standard radiographic 
positions for imaging of the knee. Therefore, the developed calibration rig will be easier 
to integrate into diagnostic imaging of the knee compared with other existing devices 
[7],[8],[10],[18]. 
The results of this study have shown that the overall accuracy achieved for the 
customised model is comparable to the one reported by Laporte and colleagues [10] for 
their reconstruction of the distal femur. The results also demonstrate that uniform 
scaling as a first step in the customisation process produces an accurate model which 
then can be used to serve as a base model for further customisation. Any further 
customisation of the model will depend on likely future applications of such a model.  
The results obtained are very encouraging considering the simplicity of the 
proposed customisation method and its scope for improvement. If more specific 
customisation improves the accuracy of depiction of articular surface geometry of 
models, this 3D reconstruction technique will be a feasible alternative to 3D 
reconstruction of CT images due to lower radiation exposure.   
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Table 1 
 
Error values between customised generic and reference 
models (mm) 
Rotation of 
3D model 
(deg) 
CW 
(mm) 
Difference 
to CW on  
X-ray (mm) Min Error 
(mm) 
Max Error 
(mm) 
Ave Error 
(mm) 
RMS Error 
(mm) 
0 72.87 -0.26 0.04 4.21 1.02 1.26 
+ 5 73.44 -0.83 0.03 4.89 1.09 1.35 
- 5 71.83 0.78 0.04 4.07 0.95 1.18 
Aligned * 72.80 -0.18 0.03 4.05 1.00 1.22 
 
* Refers to the alignment of the condyles according to their position on the lateral radiograph. 
 
 
 
 
Table 2 
 
Femur no. Min Error 
(mm) 
Max Error 
(mm) 
Mean Error 
(mm) 
RMS Error 
(mm) 
1 0.04 4.30 1.47 1.71 
2 0.03 4.05 1.00 1.22 
3 0.03 5.41 1.17 1.39 
4 0.03 4.18 1.13 1.35 
5 0.02 4.26 1.29 1.50 
6 0.03 4.74 1.19 1.39 
7 0.04 4.67 1.39 1.64 
Global 0.02 5.41 1.23 1.47 
 
 
 
 
Table 3 
 
Femur no. Min Error 
(mm) 
Max Error 
(mm) 
Mean Error 
(mm) 
RMS Error 
(mm) 
1 0.01 3.66 1.24 1.44 
2 0.04 3.87 0.93 1.13 
3 0.04 5.81 1.20 1.45 
4 0.03 4.18 1.26 1.48 
5 0.01 4.29 1.34 1.58 
6 0.04 4.29 1.07 1.24 
7 0.01 4.71 1.42 1.68 
Global 0.01 5.81 1.21 1.44 
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List of captions: 
 
Figure 1:  Measurement of maximal condylar (CW) width taken on digitised AP 
radiograph. 
 
Figure 2:  Location of the maximum error (black dot) on the long version (left) and the 
articular surface (right) of the customised model.  
 
Table 1:  Measurements of condylar width (CW) obtained from one CT-scan 
reconstructed 3D model for various degrees of rotation around the diaphysial axis and 
their effect on the customised generic model. 
 
Table 2:  Error values between customised generic models and reference models for 
which the bone shaft was resected at a distance equal to their condylar width above the 
origin. 
 
Table 3:  Error values between customised generic models and reference models for 
their articular surfaces only. 
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